Abstract-In recent years, spectral efficiency has become a key parameter in mobile radio communications. For Code Division Multiple Access systems, high spectral efficiencies can only be achieved by the application of multi-user detection schemes combatting the inherent multi-user interference. This paper analyzes the system performance of a quasi-synchronous OFDM-CDMA uplink for nonlinear successive interference cancellation (SIC). Realizing that channel estimation is crucial for the performance of interference cancellation schemes, their iterative structure is exploited for improving channel estimation as well as SIC significantly.
I. INTRODUCTION
Code Division Multiple Access (CDMA) has become a widely accepted multiple access technique in mobile radio communications. One attractive realization is OFDM-CDMA (Orthogonal Frequency Division Multiplex) where each chip is only affected by flat fading [1] - [3] . For the uplink transmission, the orthogonality of spreading codes cannot be maintained and random spreading sequences are used. Hence, multi-user interference is the limiting factor concerning system capacity. However, spectral efficiency can be increased by applying multi-user detection (MUD) techniques. In the last years, plenty of work has been spent on this topic, especially on iterative MUD techniques [4] - [12] . Furthermore, capacity bounds have been analytically derived indicating the maximum system load that should be theoretically reachable [13] - [15] . This paper considers the uplink of a coded OFDM-CDMA system with BPSK and QPSK modulation. A coarse synchronization of all active users which is under discussion for future mobile radio systems is presupposed leading to a quasisynchronous system that allows efficient realizations of multiuser detection schemes. In order to combat multi-user interference, nonlinear successive interference cancellation (SIC) is applied. In this context, channel estimation is a critical task especially for extremely high system loads. Therefore, the combination of channel estimation and successive interference cancellation is considered.
First, it is demonstrated that strong convolutional codes with large memory perform worse than short memory codes when SIC is applied at extremely high loads. Second, different channel estimation techniques are examined, namely simple correlative and maximum likelihood (ML) estimation as well as an iterative approach improving the channel estimates in each iteration of the SIC. While the first two estimation techniques lead not to a convergence of the interference cancellation scheme due to more or less bad channel estimates, the latter one has the potential to reach the single-user bound even for a system load of β = 2.
The paper is structured as follows: Section 2 describes the coded OFDM-CDMA system. Next, section 3 presents the ingredients of the successive interference cancellation scheme and discusses its performance for perfect channel estimation. Section 4 then derives different channel estimation techniques and demonstrates their performances by some simulation results. Section 5 summarizes the main results.
II. SYSTEM DESCRIPTION

A. OFDM-CDMA System
The structure of the considered OFDM-CDMA system is depicted in Fig. 1 . We assume a frame oriented transmission where each user u, 1 ≤ u ≤ U , transmits a sequence of information bits d u of length L d . They are first encoded by identical convolutional codes of rate R c = 1/n and constraint length L c . The resulting vectors b u are interleaved by userspecific interleavers Π u of length 
The system load as one of the key parameters is defined by β = U/N s .
Finally, the OFDM transmitter transforms the obtained vector x u into the time domain. In this work, the number of carriers N c equals nN s , i.e. m information bits or equivalently n PSK symbols are mapped onto one OFDM symbol. After interleaving in frequency domain over N c chips and an inverse Fourier transformation, a cyclic prefix of duration T g called guard interval is inserted in front of each OFDM symbol [3] . This prefix guarantees a cyclic convolution between the core OFDM symbol and the channel impulse response resulting in Fig. 1 . Structure of coded OFDM-CDMA system a scalar multiplication in the frequency domain. Hence, each chip is only affected by flat fading.
B. Channel Model
The signals of all users are now transmitted over J individual L-path block fading channels, i.e. the channels remain constant during one fading block consisting of L f OFDM symbols. Channel impulse responses of successive fading blocks (time index k) are statistically independent. Real and imaginary parts of the corresponding channel coefficients h u,l (k), 0 ≤ l < L, are gaussian distributed and statistically independent. Although each user is assigned to an individual channel, the number of transmission paths L is assumed to be the same for all users. The corresponding transfer functions are defined by
At the receiver, the cyclic prefix is removed first. Assuming rough synchronization, i.e. the maximum delay between different users is limited to the difference between guard time and maximum delay of the user-specific channels, one FFT window suffices for transforming all user signals back into the frequency domain. The obtained vector r at the output of the OFDM receiver is now fed to the successive interference canceller described in section III.
C. Simulation Parameters
In order to evaluate the performance of the OFDM-CDMA system, simulations were carried out with the following parameters. Two different convolutional codes of rate R c = 1/2 are employed, an L c = 3 code with generator polynomials
. Furthermore, BPSK (M = 2) and QPSK (M = 4) have been used for PSK modulation. CDMA spreading was performed by a factor N s = 32 so that the number of sub-carriers of one OFDM symbol amounts N c = nN s = 64.
As mobile radio channel, a 4-paths Rayleigh fading channel with equal average power on each tap was used. Assuming a signal bandwidth of B = 5 MHz, the duration of an OFDM symbol is T s = 12.8µs. Different fading rates were considered by varying the lengths of the fading blocks. Fast fading channels with a maximum Doppler frequency of f dmax = 200 Hz In order to ensure equal diversity degrees for all configurations, the number of fading blocks within a data frame is kept constant at N f = 7. Consequently, the interleavers' lengths depend on the fading block lengths and the type of modulation. They are listed in Table I .
Concerning channel estimation, the following frame structure was chosen. The data frame consists of L s = L d /m OFDM symbols and is divided into N f sub-frames according to the number of fading blocks. Each of these sub-frames comprises a pilot sequence P u (k) of L p OFDM symbols and the corresponding part of the data sequence of length
and therefore comparable to GSM systems [16] .
III. NONLINEAR SUCCESSIVE INTERFERENCE CANCELLATION
A. Receiver Structure
First, vector r at the output of the OFDM receiver is processed by a bank of single-user matched filters performing the despreading (maximum ratio combining) [3] . Based on the resulting signalsŝ u , log-likelihood values are calculated for each of the m bits of a PSK symbolŝ
In (2), S + ν and S − ν denote the sets of PSK symbols that correspond to b u,ν ( )=+1 and b u,ν ( )=−1, respectively 1 . After subsequent de-interleaving, symbol-by-symbol soft-in/soft-out decoding is applied by a Max-Log-MAP decoder [17] that approximates log-likelihood values of the coded bits
and delivers decisions of the information bitsd u . In order to reconstruct the transmitted signals for interference cancellation, soft re-modulation is implemented by calculating the expectations
where P (s) denotes the a priori probability of a symbol s. It can be obtained from the log-likelihood ratios in (3) (omitting the time index ) by
with a ν (s) = ±1 representing the ν-th bit within the binary representation of a PSK symbol s. 2 With (4), the transmitted sequences can now be reconstructed. After re-spreading (yieldingx u ) and weighting with the corresponding channel transfer function H u , the sequencesr u represent the estimated received sequences of different users u. They are used to cancel interference successively from the received signal r and, therefore, improve the outputs of the matched filter bank 3 . Starting with user u = 1, the interference reduced signal for user u in iteration step µ can be expressed as
For linear cancellation schemes, (6) is also well-known as Gauss-Seidel iteration. Figure 2 shows the results for an OFDM-CDMA system with perfect channel knowledge and U = 64 active users. This corresponds to a system load of β = 2. For BPSK, it can be observed that the stronger convolutional code with constraint length L c = 7 reaches the single-user bound (SUB) after 4 iterations and outperforms the weaker code by 2 dB at a BER of 10 −5 . The L c = 3 code approaches the SUB to less than 0.2 dB (even with further iterations).
B. Results for Perfect Channel Estimation
However, for QPSK modulation, the system load is doubled and the L c = 7 code is far away from reaching the single user performance even after 10 iterations. Even in this case, the L c = 3 code is still able to nearly remove the interference within 10 iterations so that the single-user bound is reached within 0.3 dB. It has to be mentioned that the computational decoding costs amount only 1/16 compared to the L c = 7 code.
These results can be explained by having a look at the EXIT charts [18] of both codes. At very low signal-to-noise ratios the weaker code delivers more mutual information about the coded bits than the stronger code resulting in a better convergence of the SIC loop. 
IV. CHANNEL ESTIMATION
A. Mathematical Description
The results of the previous section have been obtained with the assumption of perfect channel knowledge. However, accurate channel estimation is a critical task especially in the case of severe multi-user interference. Bad estimates with phase errors of π would result in an interference amplification instead of a reduction. Therefore, we propose a scheme where initial channel estimates are updated in each iteration exploiting the decoder outputs. A similar strategy was recently proposed in [5] , [10] as EM-based approach (EM: Expectation Maximization).
The received vector r at the output of the OFDM receiver is divided into sub-frames according to the frame structure described in section II. In the sequel, we focus on the description for a single fading block and denote its training part with a superscript p . The received preambles of all users can be expressed with
where
is a L p U × N c U matrix containing as diagonal sub-matrices diag{P u (i)} the i-th OFDM pilot symbol of user u. The column vector H comprises the channel transfer functions of all users and n p represents the background noise during the preamble. Since only L channel coefficients have to be estimated for each user but N c statistically dependent coefficients represent the channel transfer function, it is advantageous to perform the estimation in the time domain. The N c U × LU block diagonal transformation matrix
The column vector h now incorporates the LU channel coefficients to be estimated. For the sake of simplicity, we define the matrixP := PT DFT .
Pilot Based Correlative Channel Estimation
The simplest method for channel estimation is to correlate r p with the preamblesP u of each user u. We obtain
The corresponding transfer functions are obtained bŷ
SinceP HP is not diagonal,ĥ corr suffers not only from the background noise but also from multi-user interference.
Pilot Based ML estimation (ML)
The maximum likelihood estimation is obtained with the approachĥ ML = arg minh r p −Ph 2 whose solution iŝ
ifP HP has full rank. A comparison of (12) with (11) shows that the ML approach incorporates the correlative estimation in a first stage followed by a decorrelation. The calculation of P HP can be efficiently realized bỹ (12) allowing a simple trade-off between computational costs and performance. Although the receiver knows the preambles a priori and can, therefore, pre-calculate and store the inverse in a look-up table, this is not possible for the improved ML approach described below.
Improved ML estimation (iML)
Although the estimate in (12) is unbiased it suffers from the amplification of the background noise especially for high system loads and short preambles. Since successive interference cancellation works iteratively, it is obvious to refine the channel estimates during each iteration. Hence, we propose an improved strategy with the ML approach for an initial estimation. First, the reconstructed sequencesx u obtained at the end of each SIC iteration are used as pseudo-reference symbols for a refined estimation that exploits now the whole sub-frame. Therefore, (12) is not restricted to the preamble and (13) 
wherex (µ) u (i) denotes the i-th reconstructed spread PSK symbol of user u (cf. section III-A). Fig. 3 depicts the results for the strong convolutional code (CC7), BPSK modulation, a load of β = 1 and sub-frames of length L f = 20 with N p = 4 pilot symbols. For simple correlative channel estimation the interference cannot be removed efficiently and we obtain an error floor at 10 −2 . The ML approach leads to better performance and no error floor is visible in the considered range. However, there still remains a gap to the single-user bound of nearly 4.5 dB. A deeper analysis shows that there is no performance improvement after the second SIC iteration because the channel estimates remain inaccurate. Repeating the ML estimation in each SIC iteration using (14) now leads to improvements in each SIC iteration so that the single-user bound for correlative estimation is reached. However, a loss of approximately 2 dB compared to perfect channel estimation still remains.
B. Simulation Results
Increasing the load to β = 2 and the number of SIC iterations to 8 enlarges the gap to the single-user bound to 3.5 dB. Here, longer sub-frames and therefore slower fading are necessary. With L p = 8 and L f = 40 the single-user bound is reached again after 4 iterations. For these high loads and QPSK modulation, the memory 2 code is advantageous. Fig. 4 illustrates the corresponding results for BPSK modulation and different values of L f and L p . Even for fast fading channels with short sub-frames and only L p = 4 pilots the loss compared to the SUB for perfect channel estimation is only Employing QPSK modulation doubles the load because the quadrature component now contains information and, hence, contributes to the multi-user interference. As can be seen in Fig. 5 , the performance can be enhanced by increasing L p as well as L f . While L p = 8 pilot symbols seem not to be enough in order to ensure a reliable initial channel estimation, the SUB is reached within 0.7 dB for L p = 20 and L f = 100. Finally, it has to be mentioned that the Gauss-Seidel approximation of the inverse of (13) with only 2 iterations (GS 2) achieves a slightly better result as with 8 iterations and therefore the complexity is not much higher than for simple correlative estimation.
V. CONCLUSION
It was shown that successive interference cancellation can significantly improve the spectral efficiency of OFDM-CDMA systems. For extremely high system loads, convolutional codes with low memory perform better than codes with large memory. The single-user bound could be asymptotically reached within 0.3 dB for a system load of 2 and QPSK modulation.
However, accurate channel estimation is a necessary precondition for a good convergence of the SIC loop. Systems based only on an initial channel estimation fail to reach the single-user bound. Instead, the iterative structure of the SIC has to be exploited and the channel estimates must be refined in each iteration. Then, the gap to the single-user bound can be reduced to 0.7 dB for β = 2 and QPSK modulation. 
